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This  report  documents  the  progress  during  the  period  from  Jan.  1  to  November  25, 1991 
on  the  SDIO/IST  Electronic  Materials  Program  under  the  direction  of  Professor  J.R. 
Shealy  at  Cornell  University.  Currently  the  program  has  been  funded  through  Septem¬ 
ber  31,  1991.  This  report  briefly  describes  the  progress  during  this  period  in  3  principal 
areas,  the  construction  of  Cornell’s  OMVPE  facility  and  the  SDI  OMVPE  reactor,  the 
use  of  selective  heterostructure  disordering  techniques  for  OEIC  applications,  and  the 
growth  and  characterization  of  (AlAs)(InAs)  ordered  epitaxial  structures  on  InP  by  Mi¬ 
gration  Enhanced  Epitaxy. 


OMVPE  Facility  &  SDIO  Reactor  Construction 

Cornell's  OMVPE  facility  has  been  completed  and  approved  by  the  N.Y.  State  agency,  the 
Department  of  Environmental  Conservation  (DEC),  for  operation  with  concentrated  ar¬ 
sine  and  phosphine  sources.  Secondary  hydride  containment  systems  have  been  tested 
and  are  currently  in  use.  The  first  OMVPE  reactor  to  come  on  line  (the  machine  do¬ 
nated  by  GE)  has  been  leaked  checked,  baked  with  HCl  gas,  and  completely  interfaced 
to  a  computer  for  run  automation.  The  first  run  will  take  place  in  early  December 
1991  shortly  after  the  arsine  bottle  arrives.  All  other  sources  are  in  place  including 
TEG.  TMAA,  and  the  carbon  and  tellurium  dopants.  The  SDIO  reactor  construction 
has  received  the  full  time  attention  of  2  graduate  students,  one  supported  by  a  NSF 
fellowship.  The  deep  UV  coherent  laser  system  is  ready  to  be  operated  and  optica  are 
currently  on  order  to  perform  preliminary  studies  in  PMMA  on  Si  to  determine  the  ul- 
timated  pattern  resolution  for  this  excitation  source  using  focused  spot  and  interference 
holographic  techniques.  Tlie  re-designed  reaction  cell  is  currently  being  installed  and 
leaked  checked.  Apart  from  the  reaction  cell,  all  that  remains  is  a  portion  of  the  gas 
liandling  system  and  the  electronics  for  manual  and  computer  aided  operation. 

OEIC  Fabrication  Using  Selective  Heterostructure  Disordering 

The  selective  heterostructure  disordering  techniques  developed  earlier  in  this  program 
were  recently  applied  to  the  fabrication  of  a  Surface  Emitting  Ring  Laser  OEIC  in  col¬ 
laboration  with  David  Sarnoff  Research  Laboratory.  These  devices  have  an  gain  region 
which  is  electrically  pumped  and  a  passive  Bragg  grating  region  used  for  coupling  the 
radiation  normal  to  the  surface.  The  concept  was  to  disorder  the  passive  grating  re¬ 
gions  to  increase  their  effective  bandgap  to  reduce  absorption  losses.  Currently  these 
devices  are  under  test  to  evaluate  the  effectiveness  of  this  method  for  enhancing  device 
performance. 

Growth  &  Characterization  of  AlInAs  by  MEE 

Raman  scattering  x-ray  diffraction  and  transmission  electron  microscopy  (TEM) 
have  been  used  to  study  material  composition,  structure  and  strain  in  (InAs)i  (AlAs)? 
and  (InAs)2(AlAs)2  superlattices  grown  on  InP  (001)  substrates  by  Migration  Enhanced 
Epitaxy  (MEE).  The  energies  of  the  observed  zone  folded  acoustic  and  quantum  confined 
optic  phonons  are  in  reasonable  agreement  with  calculations  based  on  one  dimensional 
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elastic  continuum  and  linear  chain  models.  The  x-ray  diffraction  and  TEM  data  confirm 
the  existence  of  superperiodicity  and  support  the  Raman  scattering  results.  This  study 
represents  the  first  report  of  ordered  AlInAs  alloys  grown  by  any  epitaxial  method. 
The  reduced  growth  temperature  offered  by  MEE  provides  compatibility  with  the  low 
growth  temperatures  needed  for  GalnAs  alloys. 

Interaction  with  the  SDIO  Program  at  JPL 

In  addition  to  these  technical  tasks  it  should  be  noted  that  efforts  have  been  made  to 
interact  with  the  SDIO  program  at  JPL.  This  has  taken  the  form  of  a  visit  by  Prof.  Shealy 
(hosted  by  Satish  Khanna)  to  JPL’s  fabrication  facility  to  learn  about  their  materials 
needs  from  Robert  J.  Lang.  Also,  Barbara  Wilson  has  visited  Cornell’s  OMVPE  facility 
as  part  of  JPL's  recruitment  activities.  It  has  become  clear  that  JPL’s  program  requires 
epitaxial  materials  on  InP  for  a  demonstration  of  a  WDM  OEIC  at  1.3  and  1.5  fim.  As 
a  result,  materials  in  the  AlGalnAs  system  will  be  prepared  on  InP  using  the  presently 
running  OMVPE  reactor  at  Cornell.  This  effort  represents  a  new  materials  thrust  in  this 
program,  but  this  can  be  accommodated  with  existing  funding  until  the  SDIO  reactor 
comes  on  line  in  the  2nd  quarter  of  1992. 
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Raman  scattering,  x-ray  diffraction  and  transmission  electron  microscopy 
(TEM)  have  been  used  to  study  material  composition,  structure  and  strain 
in  (InAs)i(AlAs)i  and  (InAs)2(AlAs)2  superlattices  grown  on  InP  (001)  sub¬ 
strates  by  migration-eiihanced  epitaxy  (MEE).  The  energies  of  the  observed 
zone  folded  acoustic  and  quantum  confined  optic  phonons  are  in  reasonable 
agreement  with  calculations  based  on  one  dimensional  elastic  continuum  and 
linear  chain  models.  The  x-ray  diffraction  and  TEM  data  confirm  the  existence 
of  superperiodicity  and  support  the  Raman  scattering  results. 
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Short  period  superlattices  (SPS)  have  found  application  as  replacements 
for  the  corresponding  alloy  in  several  III-V  materials  systems  because  the  or¬ 
dered  structure  reduces  charge  scattering  and  exciton  broadening,  due,  respec¬ 
tively,  to  alloy  potential  fluctuations  and  clustering  caused  by  immiscibility.^’^ 
In.53Ga.47 As  and  In.52Al.48As  lattice  matched  to  InP  have  shown  promise  in 
modulation  doped  field  effect  transistors  and  high  speed  optical  modulators 
because  of  high  electron  mobility,  large  band-edge  discontinuity  and  large  F  - 
X  valley  separation.^”*  Although  the  lattice  mismatch  between  the  binary  com¬ 
pounds  in  both  systems  complicates  epitaxial  growth,  several  groups  have  suc¬ 
cessfully  groivn  high  quality  (InAs)m(CaAs)„  strained  layer  superlattices  by 
molecular  beam  epitaxy  (MBE)  or  organometalic  vapor  phase  epitax)’’ 
(OMVPE).^-^* 

Alternate  deposition  of  metal  atoms  and  AS4  molecules  at  reduced  tem¬ 
peratures  (200-500  “O  results  in  layers  with  superior  unifornnity  and  inter¬ 
face  abruptness.  “  Under  these  conditions,  surface  migration  of  both  group  III 
and  group  V  species  is  increased,  and  three  dimensional  island  growth  is  sup¬ 
pressed.  Since  MEE  results  in  monolayer  by  monolayer  growth,  it  is  ideal  for 
epitaxy  of  SPS  structures.  Recently  it  has  been  xiscd  to  fabricate  strained  layer 
(InAs)„,(GaAs)„  layers  with  improved  structural  and  optical  charcteristics.^®  In 
this  letter,  we  describe  the  application  of  MEE  to  growth  of  high  quality  mono- 
and  bilayer  superlattices  in  the  (InAsXAlAs)  system.  Becaixse  of  the  relatively 
high  activation  energy  of  A1  (jsj  1.6  eV),  in  conventional  MBE  it  is  desireable 
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to  grow  Al  containing  compounds  at  elevated  temperatures  (680-720  "C  )  in 
order  to  allow  surface  migration.  Growth  of  InAs,  on  the  other  hand,  requires 
substrate  temperatures  lower  than  500  ®C  to  prevent  In  desorption.  Since  MEE 
allows  enhanced  surface  migration  of  all  group  III  species  at  low  temperature/  it 
would  seem  to  be  well  suited  for  this  system.  To  date,  there  has  been  at  least 
one  report  of  MBE  growth  of  this  structure,^^  but,  to  the  best  of  the  authors' 
knowledge,  this  is  the  first  report  of  MEE  growth  of  (InAs),„(AlAs),n. 

(InAs)i(AlAs)i  and  (InAs)2(AIAs)2  were  grown  on  InP  (001)  substrates  by 
MEE  at  400  ®C  in  a  computer  controlled  Varian  Gen  II.  Prior  to  growth,  the 
native  oxide  vvas  removed  by  thermal  desorption  at  500  ®C.  After  deposition  of 
a  2000  A  In.50  Al  ^8  As  buffer  layer,  100  periods  of  (InAs)i(AlAs)i  or  30  periods  of 
(InAsljCAlAsl-j  were  grown,  giving  a  total  superlattice  thickness  of  600  X  in  each 
case.  This  is  below  the  critical  thickness  of  920  A  for  In  soAI.soAs,  the  average 
SPS  composition,  which  is  lattice  mismatched  to  InP  by  0.16%.^^  Finally,  a 
500  A  In  52  Al  .isAs  cap  layer  was  grown.  The  group  III  beam  fluxes  were  3  x  10’^ 
atoms /cm^sec,  corresponding  to  a  growth  rate  of  0.5  monolayer /sec.  A  clear 
streak  RHEED  pattern  which  alternated  between  2x4  (As  stabilized  surface) 
and  4x2  (metal  stabilized  surface)  persisted  without  attenuation,  indicating 
that  uniform  two  dimensional  growth  persisted  throughout. 

Raman  spectroscopy  has  developed  into  a  powerful  characterization  tech¬ 
nique  for  compound  semiconductor  materials  and  heterostructures.  In  partic¬ 
ular,  superlattices  display  quantum  confined  optical  and  zone  folded  acoustic 
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phonons  which  are  highly  sensitive  to  layer  thickness  and  interface  quality.^®’^® 
Raman  spectra  were  taken  in  backscattering  geometry  from  the  (001)  crystal  face 
using  the  488  or  476  nm  line  of  an  Ar+  laser.  The  incident  laser  power  density 
was  on  the  order  of  100  W/cm^.  A  triple  grating  spectrograph.  Si  photodiode 
array  and  optical  multichannel  analy2er  were  used  to  record  and  analyze  the 
data.  The  sample  was  placed  In  a  liquid  nitrogen  cryostat  at  approximately 
100  *K  to  narrow  spectral  linewidths  and  to  avoid  scattering  by  air.  A  polar¬ 
ization  rotater  and  analyzer  were  used  to  select  the  desired  polarization  of  the 
incident  and  scattered  light.  Before  entering  the  spectrograph,  the  polarization 
of  the  scattered  light  was  scrambled  to  avoid  spurious  results  arising  from  the 
polarization  sensitivity  of  the  gratings.  Figure  1  shows  r(x-t-y,  spectra  of 

both  samples  as  well  as  that  of  an  AI.48ln,52As  alloy  sample.  The  spectrum  of 
the  bilayer  exhibits  a  peak  at  115  cm“*  that  is  absent  for  the  other  two  samples. 
Polarization  measurements  and  phonon  dispersion  calculations  based  on  a  one 
dimensional  elastic  continuum  (Rytov)  model‘*  lead  us  to  assign  this  peak  to 
the  first  zone  folded  acoustic  doublet  (unresolved  in  the  experiment).  In  the 
calculation,  bulk  values  of  the  density  and  speed  of  sound  were  uncorrected 
for  strain.  In  structures  that  exhibit  alternating  biaxial  compression  and  ten¬ 
sion,  this  may  not  be  a  bad  approximation  since  the  average  sound  velocit}' 
remains  relatively  unchanged.  In  GaSb/AlSb  superlattices,  discrepancies  be¬ 
tween  experimental  data  and  the  Rytov  model  (uncorrected  for  strain)  have 
been  attributed  to  the  nonlinearity  of  the  bulk  dispersion  only.^"^  Values  for  the 
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density  and  sound  velocity  of  InAs  (AlAs)  used  in  our  calculation  were  5.667 
(3.7285)  g/cm^  and  3.834  (5.118)  x  10®  cm/s.  These  parameters  give  a  value  for 
the  first  zone  folded  mode  that  is  approximately  10  cm~^  higher  than  the  ob¬ 
served  peak.  Adjustment  of  the  layer  thicknesses  by  integral  monolayers  does 
not  give  better  agreement  with  experiment.  As  discussed  in  reference  17,  the 
nonlinearity  of  the  bulk  dispersion  would  account  for  observation  of  the  folded 
mode  at  a  lower  energy  than  that  predicted  by  a  model  which  assumes  a  con¬ 
stant  average  sound  velocity.  All  three  scans  show  a  peak  near  190  cm“^  For 
the  alloy  and  bilayer  samples  this  corresponds  to  a  disorder  activated  LA  mode 
and  indicates  some  degree  of  imperfection  in  the  case  of  the  superlattice.  On 
the  other  hand,  a  monolayer  superlattice  is  expected  to  show  a  single  folded 
mode  at  the  energy  of  the  bulk  zone  edge.  In  the  monolayer  scan  this  peak  may 
thus  be  a  zone  folded  acoustic  mode  rather  than  a  disorder  related  feature.  The 
optical  region  of  the  spectrum  in  all  cases  shows  peaks  arising  from  the  vibra¬ 
tions  of  Al-As  and  In-As  atomic  pairs.  The  peak  near  350  cm"'  in  the  alloy  is 
due  to  the  LO  phonon  of  the  InP  substrate.  The  spectrum  of  the  bilayer  sample 
shows  two  peaks  in  the  In-As  vibration  energy'  range,  the  one  at  238  cm“' 
arising  from  the  Al  48ln .^^As  cap  and  the  one  at  249  cm“'  originating  in  the 
superlattice.  In  strained  layer  superlattices,  quantum  confinement  and  strain 
effects  both  contribute  to  the  optical  phonon  energies.  In  unstrained  materials 
like  {GaAs)(AlAs)  the  phonon  energy  levels  correspond  to  those  of  bulk  at  the 
discrete  wavevectors  given  by  =  ms-/(n  -t-  l)a  where  n  is  the  number  of 
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monolayers  of  width  a,  and  1  <  m  <  n.  The  model  of  Cerdeira,  et.  al}^  was 
used  to  estimate  the  strain  shift  of  the  LO  phonons.  Using  the  data  in  that  ref¬ 
erence  for  InAs,  one  arrives  at  frequency  shift  of  approximately  13  cm“^  for  the 
LO  phonon  for  the  lattice  mismatch  of  0.038,  appropriate  for  InAs/AUgln.sa  As. 
Note  that  the  frequency  shift  is  positive.  The  expected  shift  due  to  quantum 
confinement  is  about  6  cm“^  so  that  the  observed  shift  of  8  cm""^  from  the  bulk 
InAs  LO  phonon  energy  is  reasonable.  For  layers  in  tensile  strain,  the  expected 
phonon  energy  shift  is  negative.  If  one  assumes  similar  elastic  properties  of 
AlAs  and  GaAs,  this  value  is  expected  to  be  about  15  cm"^,  which  when  added 
to  the  estimated  quantum  confinement  shift  of  12  cm'^  is  close  to  the  observed 
shift  of  30  cm“L  The  optical  phonon  energies  of  the  monolayer  sample  are 
virtually  identical  to  those  of  the  alloy. 

To  provide  additional  confirmation  of  structure  and  periodicity,  x-ray 
diffraction  measurements  were  made  on  both  samples.  The  data  were  taken 
with  a  four  circle  diffractometer  equipped  with  a  rotating  anode  and  copper 
target.  Bei\t  and  flat  graphite  crystals  were  used  as  the  incident  and  diffracted 
beam  monochromators.  The  resulting  increase  in  diffracted  beam  intensity 
facilitates  observation  of  superlattice  features  in  thin  samples  but  requires  sac¬ 
rificing  resolution.  Figures  2  and  3  show  the  diffracted  beam  intensity  as  a 
function  of  reciprocal  lattice  index  for  the  mono-  and  bilayer  samples.  In  both 
cases  the  presence  of  (/lOO)  peaks  ih  odd),  which  are  forbidden  in  the  random 
alloy,  confirms  the  additional  (super)periodicity.  In  contrast  to  previous  MBE 
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results  for  (InAs)2(AlAs)2,  the  bilayer  sample  studied  here  dearly  exhibits  a 
(900)  diffraction  peak.^-  For  the  two  monolayer  sample  the  satellite  peaks  cor¬ 
respond  to  a  superperiod  of  11.89  k,  dose  to  the  calculated  value  of  11.74  A. 
Pairs  of  peaks  near  (200)  and  (600)  are  also  evident  and  apparently  arise  from 
the  unequal  thickness  of  (InAs)2  and  (AlAs)^.  The  splitting  of  the  (100)  and 
(300)  peaks  in  the  monolayer  scan  indicates  a  nonintegral  monolayer  thickness."^ 
From  the  positions  of  these  peaks  we  deduce  that  n,  the  number  of  monolayers 
actually  present,  is  equal  to  1.17.'^ 

Cross  sectional  high  resolution  and  diffraction  TEM  images  of  the  bilayer 
sample  and  diffraction  images  of  the  monolayer  sample  were  obtained.  Before 
examination,  the  samples  were  polished,  dimpled  and  ion  milled.  The  energy 
of  the  electron  beam  was  400  keV.  Figure  4  is  a  high  resolution  cross  sectional 
image  of  the  two  monolayer  sample,  clearly  showing  the  compositional  mod¬ 
ulation.  In  this  photograph,  InAs  (AlAs)  layers  appear  dark  (light).  Although 
some  interface  nonuniformity  is  suggested,  good  overall  homogeneity  is  in¬ 
dicated.  Figures  5  and  6  show  the  diffraction  patterns  for  the  one  and  two 
monolayer  samples,  respectively.  As  in  the  x-ray  data,  superlattice  satellites 
are  evident. 

In  summary,  we  have  grown  high  quality  short  period  strained  layer 
(lnAs)i(AlAs)i  and  (InAs)2(AlAs)2  superiattices  by  MEE.  Tneir  structural  prop¬ 
erties  have  been  investigated  using  Raman  scattering,  x-ray  diffraction  and 
TEM  .  For  the  bilayer  sample,  acoustic  phonons  reveal  the  existence  of  the  su- 
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perperiodicity  and  indicate  some  disorder,  and  the  energies  of  the  quantum 
confined  optical  phonons  are  consistent  with  the  calculated  strain.  The  spec¬ 
trum  of  the  monolayer  sample  showed  no  appreciable  difference  from  the  alloy. 

The  x-ray  data  for  the  bilayer  confirms  the  expected  superperiod  and  reveals 
in  the  case  of  the  monolayer  the  presence  of  some  random  alloy.  TEM  data 
give  similar  information. 

The  authors  wish  to  thank  J.  2hu  for  the  TEM  measurements  and  R.  Ja- 

cowitz  and  Dr.  S.  Laderman  of  Hewlett-Packard  Laboratories,  Palo  Alto,  for 
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Figure  Captions 

Figure  1.  Polarized  Raman  spectra  of  (InAs)2(AlAs)2,  (In As)i (AlAs)i 
Al.48ln.52  As  alloy. 

Figure  2.  X-ray  diffraction  scan  of  bUayer  sample. 

Figure  3.  X-ray  diffraction  scan  of  monolayer. 

Figure  4.  High  resolution  cross  sectional  TEM  image  of  bilayer. 

Figure  5.  TEM  diffraction  pattern  of  monolayer. 

Figure  6  TEM  diffraction  pattern  of  bilayer. 
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